The oncoprotein E7 of human papilloma viruses (HPV) is involved in the pathogenesis and maintenance of human cervical cancers. The most prevalent HPV types found in cervix carcinomas are HPV16, 18 and 45. The structure of the E7 dimer from HPV45 (PDB 2F8B) was determined by nuclear magnetic resonance spectroscopy. Each monomer comprises an unfolded N-terminus and a well-structured C-terminal domain with a b1b2a1b3a2 topology representing a unique zinc-binding fold found only for E7. Dimerization occurs through the a1/a1 0 helices and intermolecular b-sheet formation but excludes the zinc-binding sites. E7 is reported to interact with a number of cellular proteins (e.g. pRb, p21 CIP1 ). Binding of a peptide derived from the C-terminus of p21
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CIP1
). Binding of a peptide derived from the C-terminus of p21
CIP1 to the Cterminal domain of E7 was characterized by monitoring chemical shift perturbations of the amide groups of E7. This provides direct evidence that a shallow groove situated between a1 and b1 of the E7 C-terminal domain is interacting with the C-terminus of p21
Introduction
Human papilloma viruses (HPV) cause several human diseases ranging from benign manifestations to debilitating malignancies. Hence, more than 200 different known (Munger et al., 2004) and 100 genetically fully characterized HPV genotypes (de Villiers et al., 2004) were grouped into high-risk and low-risk types. Among the mucosa-infecting HPV, low-risk HPV6 and 11 cause benign genital warts and the most prominent high-risk types, HPV16, 18, 45, 31 and 33, are causative agents for mucous malignancies, most prevalent being the cervix carcinoma (zur Hausen, 1996; Villa, 1997; Bosch and de Sanjose, 2003) . The genome of HPV encodes nine proteins including the oncoproteins E6 and E7. Together, they are sufficient to immortalize primary human keratinocytes (Munger et al., 1989) and, thus, act at the outset of an yet ill-defined chain of events that may lead to an invasive cervical carcinoma (Goodwin and DiMaio, 2000) . E7 consists of approximately 100 amino acids (a.a.). Its conserved N-terminal regions 1 and 2 (CR1 a.a. 2-15, CR2 a.a. 16-41; Figure 1 ) display partial sequence and functional homology with the adenovirus E1A protein and the SV40 large T-antigen (Phelps et al., 1992 ). An LXCXE motif localized in CR2 mediates, for example, the binding to the B-box of the retinoblastoma tumor suppressor (pRb) (Barbosa et al., 1990; Lee et al., 1998; Singh et al., 2005) . The C-terminal region of E7 (CR3) contains two CXXC zinc-binding motifs separated by 29 residues (Barbosa et al., 1989) . CR3 is responsible for the zinc-dependent dimerization (McIntyre et al., 1993; Braspenning et al., 1998; Clements et al., 2000; Alonso et al., 2002) and for (co-) mediating the interaction of E7 with a large number of diverse cellular proteins involved in the regulation of cell cycle progression and apoptosis, among them pRb and the cyclin-dependent kinase inhibitor (CDKI) p21 CIP1 (Zwerschke and Jansen-Durr, 2000; Munger et al., 2001) . p21 CIP1 is the prototypical member of the CIP/KIP family of CDKIs, which share significant sequence homology in their N-terminal cyclin-CDK-binding domains. The unique C-terminus of p21 CIP1 contains the binding sites for, for example, cyclin, PCNA and HPV E7 (Gulbis et al., 1996; Funk et al., 1997; Jones et al., 1997; Dotto, 2000; Helt et al., 2002) . The Nterminal region of p21 CIP1 undergoes a dramatic disorder-to-order transition upon binding to CDK2 (Kriwacki et al., 1996) and the C-terminus of p21 CIP1 (a.a. 139-160) also refolds upon binding to PCNA (Gulbis et al., 1996) .
Here we present the nuclear magnetic resonance (NMR)-based solution structure of the E7 dimer from the high-risk HPV45. Each monomer subunit contains a disordered N-terminal region (CR1 and CR2) and a highly structured CR3 exibiting Zn-binding fold not found in proteins unrelated to E7. In addition, using a chemically synthesized peptide we mapped the binding site of the C-terminal region of p21 CIP1 (a.a. 139-164) onto the E7 CR3.
Results

Structure determination
For structure determination, full-length HPV45 E7 and a construct representing its CR3 region (E7 A55 forms a symmetric dimer of B12 kDa under NMR-buffer conditions. In addition, a rotational correlation time of t rot B8.4 ns as deduced from NMR relaxation data (see legend to Supplementary Figure S2 Figure 2b and Supplementary information). Extended X-ray absorption fine structure (EXAFS) analysis was employed to analyze the zinc co-ordination. One zinc is coordinated by four cysteines with a Zn-S distance of 2.34 Å each (Supplementary Figure S3) . However, the E7 A55 includes six cysteine residues allowing for six potential different combinations at the N-terminal zinc coordination half-site (C64-V-C66-C67-K-C69, Figure 1 ) as counterpart of the C-terminal C99-P-W-C102 half-site. Structure calculations for all six possible geometries resulted in target functions, which clearly indicated ( A55 . This geometry was utilized during the final structure calculations by including appropriate distance constraints. The ensemble of the energy minimized structures with the lowest target function is shown in Figure 3a . The structural statistics is given in Table 2 .
Solution structure of the HPV45 E7 dimer Each subunit of the E7 A55 homodimer (Figure 3a -c) exhibits a flattened shape and a b1b2a1b3a2 secondary structure connectivity. b1 (a.a. 58-66) and b2 (a.a. 71-79) form an antiparallel twisted b-sheet and are linked by a four a.a. turn. Helix a1 (a.a. 81-93) is packed against the b-sheet. The backbone leaves the a1-helix at a right angle, runs through an elongated b-strand-like structural element (b3). The chain ends Figure 1 Alignment of E7 sequences of HPV45, 1a, 18, 16, 6b and 11. Small letters represent non-wild-type residues of the E7 A55 expression construct. Hydrophobic residues located in the hydrophobic core and the dimer interface are given in bold. The conserved regions CR1, CR2 and CR3 are indicated with respect to the amino-acid sequence of E7 from HPV16 (Phelps et al., 1992) .
Structure of the HPV45 oncoprotein E7
O Ohlenschläger et al in the short a2-helix (a.a. 100-105). The CXXC motifs co-ordinating the zinc ion are located in the turn connecting b1 and b2 and in the short C-terminal a2-helix (Figure 3b , c). The side chains of I62, I73, L75, V77, L84, L87, L90, F91, L95, F97 and V98 ( Figure 1 ) contribute to a small and rather flat hydrophobic core in each monomer. The dimerization of E7 A55 involves the a1-helices of each monomer and the formation of an intermolecular two-stranded antiparallel b-sheet between the b2 strand of one monomer and the b3 strand of the other. The 1820 Å 2 dimer interface is stabilized by contacts of residues V77, E78, T86, L87, L90, L95 and F97. Of those, V77, L87, L90, L95 and F97 constitute also core residues of the monomers. Hence, the dimerization leads to a contiguous hydrophobic core stabilizing the dimer. Nuclear magnetic resonance relaxation data (Supplementary Figure S2 ) revealed high order parameters for all amide groups from Q58 up to N105, which is indicative for a uniformly rigid backbone.
E7 interaction with p21 CIP1
In order to characterize in more detail the interaction of the E7 with p21 CIP1 , which has been shown to occur between the E7 CR3 and the C-terminus of p21 CIP1 (Funk et al., 1997; Jones et al., 1997) , E7
A55 was titrated with a synthetic peptide corresponding to the C-terminal residues 139-164 of p21 CIP1 . Up to an eightfold molar excess of peptide over monomer was added stepwise to a 90 mM E7 A55 sample. 1 H-15 N HSQC spectra were recorded at each step of the titration and binding of the peptide was monitored as changes of the amide group chemical shifts (Gorlach et al., 1992) 
Increasing peptide concentration leads to incremental changes of the resonance positions for a defined subset of amide groups and no further spectral changes were observed above a sixfold excess of peptide indicating the end point of titration (Figure 4a ). Most pronounced Target function range is given for the 20 best of 100 calculated structures for the respective combinations of Cys residues. Target function as defined in Guntert et al. (1997) and as implemented in CYANA (Herrmann et al., 2002) . ) indicated that the N-terminal part (a.a. 1-54) of E7, including the CR1 and CR2 regions is unstructured and flexible in solution. This implies that, for example, the highly conserved LXCXE motif of CR2 is readily accessible for the interaction with pRb (Lee et al., 1998; Singh et al., 2005) without prior restructuring of E7. The surprisingly high incidence of unstructured regions in functional proteins particularly in the absence of their binding partners (Dyson and Wright, 2005) leads us to conclude that the unstructured N-terminal half of E7 constitutes another example of this class of proteins rather than an artefact of recombinant expression and purification. Importantly, our analysis revealed that the CR3 region of E7 folds autonomously into a well-structured zinc-binding domain with a b1b2a1b3a2 topology (Figure 3a-c) , attesting to the significance of the structure described here. Similar HPV16 E7 constructs were not amenable to NMR analysis so far. However, the dimeric HPV45 E7 A55 solution structure is highly homologous to a X-ray structure of a similar CR3 construct derived from the low-risk HPV1a, which appeared (Liu et al., 2006) during the final stages of the work reported here. The two structures superimpose to a backbone root mean square deviation of 1.4 Å . This deviation is mainly caused by a slightly different relative orientation of the a-helices with respect to the remainder of their parent structures (not shown).
The determination of the zinc coordination geometry by the two CXXC-motifs was complicated by the fact, that the N-terminal half-site contains four cysteine residues (C64, 66, 67 and 69) potentially available for Zn coordination. However, the combination of NMR and EXAFS data in conjunction with structure calculations for all possible cysteine combinations at the N-terminal half-site (Table 1 (Figure 3b, c) . These cystein residues represent the most conserved cysteine residues among the available E7 sequences (see also Figure 1 ). In addition, mutational studies (McIntyre et al., 1993) strongly support our conclusion about the Zn site. Interestingly, the juxtaposition of two zinc-binding CXXC motifs embedded in a loop and a short a-helix as found in E7 A55 bears resemblance of a similar CXXC arrangement in the BRCA1/BARD1 heterodimer (PDB 1JM7; (Brzovic et al., 2001 )) yet in a very different structural context. A search on the DALI server (www.ebi.ac.uk/dali/) revealed that the overall topology of HPV45 E7
A55 is not present in Zn-binding proteins unrelated to E7 (see also Liu et al., 2006) , indicating a rather ancient evolutionary event leading to the separation of the HPV genome from the host genome.
The coordinated zinc ions are not directly involved in the E7 dimerization (Figure 3c ) yet they are reported to be essential for that process (McIntyre et al., 1993; Braspenning et al., 1998; Clements et al., 2000; Alonso et al., 2002) . Ethylenediaminetetraacetate led to the disappearance of disperse amide resonances in 1 H-15 N HSQC spectra of HPV45 E7 (data not shown) indicating that removal of zinc causes unfolding of the CR3 region. This suggests, that the zinc is important for maintaining the folded state of CR3 as a prerequisite for dimerization via main chain contacts of the b2/b3 0 antiparallel intermonomer b-sheet and through hydrophobic side chain interactions. Eleven hydrophobic residues (Figure 1) constitute the relatively small hydrophobic core of each monomer and a subset of those (V77, L87, L90, L95 and F97) additionally mediates intersubunit contacts. Hence, dimerization leads to a contiguous hydrophobic core rationalizing the finding that E7 exists as stable dimer in solution (Figure 3b , c; Supplementary Figure S1 ). It should be noted that the SH-groups of the cysteine residues not involved in zinc coordination are not sufficiently close to form intra-or inter-molecular disulfide bridges.
In studies addressing functional E7 interactions with cellular proteins, for example, IGFBP3, pCAF, HDAC1 and PML4 (Brehm et al., 1999; Mannhardt et al., 2000; Avvakumov et al., 2003; Bischof et al., 2005) , several hydrophobic residues of the monomer core or the dimerization interface were deleted (e.g. L87-F91) or exchanged against charged residues, for example, L75, L90 and F91 to Arg. In view of the present structure, it is conceivable that the loss of interaction and/or function observed in those cases may be attributed to gross structural effects upon E7 rather than to impairment of specific interactions.
The reported interaction of the C-terminus of p21 CIP1 to the E7 CR3 (Funk et al., 1997; Jones et al., 1997) was characterized in a NMR-titration experiment ( Figure 4a ) utilizing a synthetic peptide corresponding to the C-terminal residues 139-164 of p21 CIP1 . Assuming a nearly complete (B98%) saturation of E7 with the peptide at the observed end point of titration (sixfold excess of peptide, Figure 4a ), a conservative estimate for the K D on the order of 10-20 mM can be derived. This is consistent with the observed incremental chemical shift (Figure 4a ) indicating binding in the fast regime on the NMR time scale. The low affinity is potentially a consequence of using subdomains of the two proteins here. A second interaction site of similar mM affinity located in the remainder of the proteins would potentiate the K D at least into the low nanomolar range and we note that there is in vitro evidence for such a site involving residues in CR2 of E7 (Jones et al., 1997) . Chemical shift perturbations were observed for a defined subset of residues of CR3 (C64, Q88, Q89, L90 and F91, as well as I62, L63, V65, L75, S79 and L87). The affected residues group to the b1-strand and the juxtaposed center of a1 (Figure 4b, c) . This locates the binding site for the p21 CIP1 -derived peptide to the shallow groove bound by these two secondary structural elements. The observation of the chemical shift perturbation of the Q88 side chain amide, which is situated in this shallow groove (Figure 4c ), is consistent with this interpretation. This p21 CIP1 -binding site overlaps with the recently described low-affinity binding site for the C-domain of pRb (Xiao et al., 2003; Liu et al., 2006) . The pRb:E7 interaction was interpreted on the basis of the HPV1a E7 CR3 structure and in vitro binding studies as involving electrostatic interactions between conserved basic residues of pRb and an acidic patch of the HPV1a E7 CR3 (Liu et al., 2006) . Interestingly, the C-terminus of p21 CIP1 also contains a number of basic residues (GRKRRQTSMTDFYHSKRRLIFSKRKP) and resembles to some extend the basic region of a.a. 803-841 of the C-domain of pRb rendering an overlapping binding site on CR3 for the two nonhomologous cellular proteins plausible. However, an important difference between the E7 variants discussed here constitutes the replacement of the acidic patch glutamate residues (E74/75) in HPV1a by two glutamine residues (Q88/89) in HPV45 (Figure 1 ). This argues against a significant contribution of acidic residues to the interaction of the E7 CR3 with basic residues of pRb, p21 CIP1 and potentially other cellular targets of E7. Moreover, the occurrence of acidic residues or their amide forms does not correlate with the risk potential of HPV types (see Figure 1) . Furthermore, evaluation of the CR3 structures from the low-risk HPV1a (Liu et al., 2006) and the high-risk HPV45 (this work), on the basis of available E7 sequences, does not reveal a simple scheme for discerning high-risk versus low-risk properties of E7 with respect to surface exposed residues.
Still, the presented structure in solution of the E7 oncoprotein from the high-risk HPV45 and its interaction with a peptide derived from the C-terminus of p21 CIP1 provides a first structure-based insight into the complex interaction properties of E7 and may serve as a basis for future efforts to identify inhibitors of such interactions. N resonances was performed as described (Schlott et al., 2002) .
Materials and methods
Sample preparation
Nuclear overhauser enhancement constraints were taken from 3D N]-E7 A55 sample. Upper limit distance constraints for the non-exchangeable hydrogens were classified according to their intensity in the NOESY spectra corresponding to distance limits of 2.8, 3.6 and 5.4 Å , respectively. For the exchangeable hydrogens only two classes corresponding to 4.3 and 5.7 Å were introduced. Nuclear overhauser enhancement intensities corresponding to fixed H b2 -H b3 and aromatic ring distances were used for calibration.
Additional upper and lower limit constraints of 2.30-2.40 Å for the Zn-S g distances as derived from EXAFS and a range of 3.80-3.85 Å for the six sulfur-sulfur distances were included to maintain a tetrahedral geometry at the zinc site.
Structure calculation and coordinates
One thousand and hundered fifty-three experimental distances derived from NOE cross peaks were used as upper limit constraints in CYANA (Herrmann et al., 2002) . Fifty J HNHa coupling constants extracted from a 3D HNHA experiment (Vuister and Bax, 1993 ) and the 1153 NOE-derived distance constraints were subjected to a local conformational analysis using the FOUND module (Guntert et al., 1998) and yielded 210 torsion angle constraints for the structure calculation. For secondary structure elements formed consistently in initial calculations, additionally 40 upper and lower limit H-bond constraints were introduced.
For the calculations of the dimeric structure of E7 A55 33 unambiguous intermolecular upper distance constraints were used. No symmetry restraints were applied; however, the torsion angles of the monomers were constrained to 7201 around their mean value observed in the monomer calculations.
The 20% of structures with the lowest CYANA target functions were subjected to energy minimization (Schlott et al., 2002) . Figures were produced using MOLMOL (Koradi et al., 1996) . The quality of the structures was assessed by PROCHECK (Laskowski et al., 1996) . Extended X-ray absorption fine structure analysis Zn K-edge XAS data were collected on 25 ml of a 1 mM E7 solution at 30 K at the EMBL Hamburg EXAFS beamline at DESY. Data reduction was performed with KEMP (Korbas et al., unpublished) and the structure was refined with EXCURVE (Binsted et al., 1992) .
Protein data bank accession numbers
Coordinates have been deposited in the Protein Data Bank (accession codes 2EWL (monomer), 2F8B (dimer)).
